The ability to efficiently control sandstone pillar spalling is extremely important in ensuring the safety and highefficiency production of sandstone mines. The increase in size is usually suggested as a remedy for pillar spalling, but none of the suggested remedies reflect the influences of geotechnical properties of rock mass on stability control. Some sandstone mining practices have proven that increasing the size of pillars cannot effectively control pillar spalling. The relationship between the strength of St. Peter sandstone pillar and pillar loads was theoretically analyzed in the current study, in order to examine the influences of geotechnical parameters of sandstone on the stability of pillars and control pillar spalling. The key geotechnical parameters that influence the stability of sandstone pillars were also examined. Subsequently, the pillar instability mechanism and influences of geotechnical parameters on pillar stability were investigated by Finite Difference Method. Finally, a ground control method using shotcrete on pillar was proposed for increasing the stability of pillars. Results demonstrate that compressive stress on the St. Peter sandstone pillar is considerably larger than the compressive strength after mining, resulting in the evident deformation of most regions. The relation curves of displacement at the pillar top with internal friction angle and cohesion are in the power functional distributions, but the change of cohesion is more significant in the pillar strength. The displacement at the pillar top gradually decreases with the increase in internal friction angle, whereas the plastic failure regions of pillars gradually decrease from the bottom to the upper parts with the increase in cohesion. A field industrial test proves that shotcrete on pillars can increase pillar strength, which effectively controls the pillar spalling. Research results provide theoretical and practical guidelines to enhance the stability of pillars under the same geotechnical circumstances.
Introduction
As an underground mining technique that is environment friendly, room and pillar mining has been widely used in America and Australia. The core of the room and pillar mining system is to mine rooms according to the design and leave pillars to support and control the roof and surface subsidence [1] [2] . Pillar stability is the key element of safe room and pillar mining. Pillar spalling is one of the typical instability forms of sandstone; therefore, controlling pillar spalling is crucial in ensuring the safe and high-efficiency production of sandstone mines [3] .
In ground control, room and pillar mining is believed to alter the in situ state of stress in strata, and stress overlying strata can be transferred to the adjacent pillars after room and pillar mining. Consequently, room and pillar mining results in increasing stress on the pillars. Meanwhile, the horizontal deformation of pillars induced by the external effect is free of constraints due to the presence of rock masses on both sides after room mining, thus decreasing pillar strength accordingly. Hence, the rock mass of pillars develops deformation failures. Pillar instability control depends on the retention of the reasonable size and shape of pillars so that they can endure mining-induced stresses [4] [5] [6] . Size effect theory of rock mass indicates that rock mass failure is mainly caused by the development of the structural surface in rock mass and the failure of the weakest structural surface. When the pillar size is increased to a certain critical value, the rock strength remains constant with the increase in pillar size. The pillar strength is equal to rock mass strength under this critical size. Based on several engineering practices, pillar stability control is accomplished by designing reasonable pillar size according to the critical pillar strength. Although this theory is simple, the influences of the geotechnical parameters of rock mass on pillar instability are neglected for the pillar strength analysis, thus failing to achieve a good ground control result for some rock mining practices.
Compared with size effect theory, two-region constraint theory involves the influences of the internal friction angle of coals. According to this theory, a central elastic zone and two-side yield zones are formed in pillars after mining. The central elastic zone is compressed in three directions due to constraints from the two-side yield zones. Two-region constraint theory estimates pillar strength based on the threedirectional strength characteristics. Although this method has been used extensively, the influences of cohesion on pillar strength are neglected.
Owing to disturbances caused by room and pillar mining, the different degrees of stress concentration develop between St. Peter sandstone pillars and cap rocks in Pattison Mine, which further cause many large-scaled instability behaviors, including pillar spalling and collapse. Changing pillar size during mining fails to control the pillar -spalling behavior effectively. St. Peter sandstone has extremely high internal friction angle (in the range of 57°-69°) and is virtually cohesionless [7] [8] [9] . The high internal friction angle makes sandstone pillars bear extremely high loads under small deformation, whereas the low cohesion leads to extremely weak sandstone pillars after mining disturbances. Therefore, internal friction angle and cohesion can both considerably influence the mechanism of St. Peter sandstone pillar instability. Thus, the pillar stability control cannot be accomplished without consideration to internal frictional angle and cohesion.
In the current study, the influences of the geotechnical properties of St. Peter sandstone in Pattison Mine on the deformation failure of pillars were studied using theoretical analysis and finite difference numerical simulation. The pillar spalling mechanism was disclosed, and special ground control measures were proposed.
State of the art
Traditional theories of pillar stability state that controlling pillar stability in room and pillar mining is performed by increasing the strength of pillars and their ability to bear mining-induced loads. Studies on pillar strength characteristics based on laboratory tests, theoretical analyses, and numerical simulations have been reported, and some calculation methods of pillar size applicable to engineering design have been developed to control pillar spalling. However, these studies mainly focus on the influences of rock mass size on failure mode, ultimate bearing capacity, and load-deformation process of pillars. For example, Renani et al. [10] studied the progressive failure of hard rock pillars using two-and three-dimensional finite difference analysis. The stress-strain curves indicated that pillars exhibited strain-softening behavior when the width/height ratio of pillars was lower than 2 and strain-hardening behavior when the width/height ratio was higher than 2. Moreover, a constitutive model on progressive damages of rock mass in pillars, which considered cohesion weakening and friction strengthening in rock mass, was proposed in numerical calculation. Poulsen et al. [11] [12] introduced a stress calculation method that considered the shape and spatial position of pillars. In addition, 120 groups of numerical models were constructed through finite difference analysis to study pillar stability under filling effect of roadways. They found that pillar strength was directly related with filling degree and that viscous filling body increased the pillar strength.
Meanwhile, the influences of filling parameters on pillar strength have been discussed through numerical calculation by adjusting cohesion in the constitutive model, whereas those of coal parameters were neglected. Yang et al. [13] proposed a formula of full-scale mine pillar strength based on laboratory scale strength obtained from specimens. The pillar size calculated by this formula ensured pillar stability when the width/height ratio of pillars ranged within 0.6-0.8 and the safety coefficient was higher than 1.5. Moreover, rock mass, pillar conditions, mining size, and complete rock strength were considered during calculation. Guy et al. [14] indicated that the stability of the pillar system was related to the post-failure stiffness of the pillar and its interaction with overburden stiffness. They also found that the post-failure stiffness of pillars was a function of pillar width/height ratio. In addition, they examined the influences of pillar size and shape on pillar system during the stability evaluation of the system, except for the relationship between loads of overlying strata and pillar strength. Jaiswal et al. [15] considered coal as a Hoek-Brown strain-softening material and proposed a formula to estimate pillar strength during mining of India Mine based on Finite Element Method. In this formula, the extension deformation of pillars is the function of confining pressure and plastic shear strain. The numerical calculation model was also calibrated by using data from actual mining situations of India Mine. Kaiser et al. [16] found that the pillar strength in the core region estimated by the Mohr-Coulomb or Hoek-Brown criteria was lower than the actual pillar strength, and that the pillar size designed according to existing empirical formula for controlling pillar stability was poor. Moreover, the S-shaped criteria of the rock mass failure of pillars were proposed to construct the constitutive relationship for numerical calculation, which could increase the evaluation accuracy of pillar strength. Based on a case study of rock mining in America, Dolinar et al. [17] [18] proposed an estimation formula of pillar strength and provided suggestions for good pillar designs. Although this formula and relevant suggestions considered the potential influences of rock discontinuity on pillar strength, they were based on experiences of rock room mining in America and could only be directly applied to pillar design under similar conditions. Meanwhile, Walton et al. [19] constructed a constitutive model to describe strength and dilatancy deformation of brittle rocks based on laboratory test data. Simultaneously, the surrounding stress and deformation distributions of the shaft were predicted through numerical calculation. Song et al. [20] [21] analyzed the sensitivity of influencing factors of pillar stability based on an orthogonal test. The major influencing factors of pillar instability were also evaluated from pillar loads, pillar strength, pillar instability form, and determination of influencing factors. Nevertheless, the influences of geotechnical parameters on pillar strength were ignored. Jiang et al. [22] conducted a uniaxial compressive numerical simulation test of pillars using FLAC3D and analyzed the stress-strain curve characteristics of the pillar system at the instability failure. Through the calibration of coal samples, the simulation of brittle failure was controlled by changing cohesion, internal friction angle, and expansion angle, with considerations to influence the geotechnical parameters on the constitutive relationship. Through field measurement and theoretical analysis, Fu et al. [23] studied the occurrence mechanism and prevention measures of dynamic load pressure by analyzing critical elastic core width for small pillars to maintain stability under lead abutment pressure, overlying structure, and support loads on the working surface under dynamic loads. Although the rotation effects of overlying strata on pillars were considered, influences of pillar strength were neglected. The aforementioned studies have discussed the influences of pillar size, shape, and constitutive relations on pillar strength and analyzed failure mode, bearing capacity, and instability factors of pillars. However, none of these studies have discussed the influence mechanism of the mechanical performances of rock mass materials on pillar spalling.
To further frontier knowledge of pillar stability analysis, the correlation between pillar strength and pillar loads was analyzed theoretically, and the key geotechnical parameters of St. Peter sandstone pillar stability were determined in the present study. Therefore, the influences of key geotechnical parameters on pillar stability were analyzed utilizing finite difference analysis, thus allowing us to explain the pillar instability mechanism from the perspective of geotechnical parameters and propose relevant countermeasures. The results were verified by numerical simulation and field test. This study provides theoretical and practical bases for stability control of similar sandstone pillars.
The remainder of this study is organized as follows. Section 3 introduces the project, numerical modeling, and key geotechnical parameters of pillar stability control. Section 4 analyzes pillar strength under the influences of key geotechnical parameters and discusses the influences of cohesion, internal friction angle, plastic region, and vertical stress distribution of pillars. The program for the improvement of pillar stability control is formulated, and control effect is verified. Section 5 presents the conclusions.
Methodology

Theoretical analysis of pillar stability
Understanding the relationship between pillar strength and pillar loads is the key to investigating pillar failure during room and pillar mining [24] . Pillar instability occurs if the pillar strength is smaller than pillar loads; otherwise, the pillar will remain stable. Therefore, the relationship between pillar strength and pillar loads was theoretically analyzed to determine the influencing factors of stability of St. Peter sandstone pillars.
Pillar loads
Pillar load is usually calculated by the tributary area method in room and pillar mining. This method assumes that during horizontal mining with adequate mining areas, pillars with the same shape have equal strength and bear the same loads [25] [26] . The loads on rectangle pillars could be calculated by using Eq. (1)
Where P is the pillar load (MPa), γ is the unit weight of overlying strata (MN/m 3 ), h is the mining depth (m), W is pillar width (m), l is the pillar length (m), and b is the room width (m).
Pillar strength
In the mechanics of materials, loads on beams are calculated by the integration of the area below the stress curve. Pillars must be in the elastic core region for room and pillar mining in order to maintain pillar stability. The stress in the core region is hypothesized to reach the peak stress. The stress distribution curve on a pillar is given in Fig. 1 .
The bearing capacity (L) of the pillar is expressed as
Where y is the distance to the pillar edge (m), ŷ is the width of plastic region (m), σ V is the vertical stress at the place y away from the pillar edge (MPa), and is the maximum vertical stress (MPa).
Fig. 1. Stress distribution in pillar
By integration of Eq. (2), it is simplified into
where M is the height of the pillar (m), O σ is the uniaxial compressive strength (MPa), is the coefficient of horizontal pressure, and is the internal friction angle of the pillar.
Safety factor of the pillar
The safety factor (SF) should be satisfied to maintain the stability of sandstone pillars using Eq. (5) below.
Eq. (4) shows that the SF of the pillar is influenced by stress state, geometric parameters, cohesion, and internal friction angle of the pillar. However, stress state and geometric parameters of the pillar are determined by field production technological conditions. Given that St. Peter sandstone has special mechanical properties, the influences of these mechanical properties on the stability of sandstone pillars are also remarkable. Therefore, studying the influencing mechanism of cohesion and internal friction angle on the stability of sandstone pillars provides important theoretical references to the control of pillar stability.
Finite difference numerical simulation
Introduction to the project
In this study, a numerical simulation analysis based on the actual mining of Pattison Mine was conducted. A total of 20 m × 20 m pillars remained in the Pattison Mine. Room width, mining depth, and mining height were 10, 44, and 9 m, respectively. During the mining process, different degrees of surface spalling were observed on the pillar surface between the upper part of St. Peter sandstone pillars and cap rocks as a response to the mining, which further evolved into a smallscaled pillar scaling. The failure mode of St. Peter sandstone pillars was manifested by inward stratified spalling by stress concentration. Different from the overall slippage of common pillars caused by plastic failure, the failure mode of St. Peter sandstone pillars was similar to the plate or stratified failure of stratified rock mass under comprehensive effects.
Finite difference numerical simulation modeling
A FLAC3D numerical simulation model (Fig. 2) was constructed based on the actual geometric and geotechnical parameters of St. Peter sandstone rooms in Pattison Mine. Stress, displacement, and the plastic failure of pillars were analyzed based on this model. Height and width of the constructed FLAC3D model were 13.11 and 30 m, respectively. The room and pillar widths were 10 and 20 m, respectively.
Fig. 2. Numerical simulation model
Horizontal displacement constraints were applied at two sides of the calculation model, whereas a vertical displacement constraint was applied at the bottom. A 1.1 MPa vertical load of overlying strata was applied at the top of the model. The in situ stress was applied according to the empirical formula of 2.5 MPa/100 m. Rectangle grids were also used. The grid size on the pillar was 0.25 m × 0.25 m × 0.25 m, and the grid size at roof and floor was 0.5 m × 0.5 m × 0.6 m. The Mohr-Coulomb criterion was chosen as the constitutive model. A quarter of the pillar was also chosen in the calculation, and strata with similar lithology or thin strata were combined. The model was simplified into four rock layers, including St. Peter Sandstone (pillar), shale (roof and floor), cap rocks (roof), and limestone (floor). The mechanical parameters of different rock layers are listed in Table 1 .
Contours of stress, plastic region, and displacement distribution of pillars were obtained by numerical simulation (Fig. 3) . As shown in Fig. 3(a) , tensile stress regions are found at the roof and floor of pillars, whereas the pillar is completely observed in the compressive stress regions. Moreover, an evident small-scaled stress concentration is observed at the corner of the pillar-cap rock interface. However, stress concentration also occurs in other regions on the interface, and the maximum vertical stress reaches approximately 20 MPa, which is considerably higher than the compressive strength of St. Peter sandstone. The distribution of plastic regions in Fig. 3(b) demonstrates the evident formation of compression-shearing failure downward from the sandstone-cap rock interface because sandstone pillar is basically influenced by the compressive stress, which is considerably higher than compressive strength of sandstone. Furthermore, the plastic region presents an evident "X-shaped" distribution pattern. According to the contour of vertical displacement distribution in Fig. 3(c) , regions with shearing failure on the pillar are substantially deformed, and the displacement distribution is in an evident "concave" pattern. The deformation in the pillar-cap rock interface is the highest, reaching 30 mm.
Based on the preceding analysis, the St. Peter sandstone pillar is generally in the compressive stress region after mining, and the compressive stress is considerably higher than compressive strength of the pillar, thus resulting in evident large-scaled deformation and compression-shearing failures of the pillar. An "X-shaped" plastic region is also formed. 
Test results and analysis
The theoretical analysis of pillar stability reveals that cohesion and internal friction angle are two important influencing factors of stability of the St. Peter Sandstone pillar. The variation of stress state, plastic region distribution, and displacement distribution of the St. Peter sandstone pillar with cohesion and internal friction angle were analyzed by the FLAC3D finite difference numerical simulation. The numerical simulation model only changed the cohesion and internal friction angle but had consistent rock and simulation parameters with those in common models.
Effects of internal frictional angle on pillar stability
With the internal frictional angles of St. Peter sandstone ranging between 57°-63°, stress, plastic region, and displacement distributions of St. Peter sandstone under different internal frictional angles (40°, 50°, 60°, and 70°) were simulated.
The distributions of the plastic region and stress on St. Peter sandstone pillar under different internal frictional angles (40°, 50°, 60°, and 70°) are shown in Fig. 4 . From the stress contours, the pillar is observed to be generally compressed under different internal frictional angles, accompanied by stress concentration in the pillar-cap rock interface. As can be seen, stress concentration intensifies with the increase in internal frictional angle. In the distribution contours of plastic regions, the St. Peter sandstone pillar develops evident plastic failure under different internal frictional angles, which is dominated by compression-shearing failure. Almost all pillars develop plastic failures at 40°. With the increase in internal frictional angle, the plastic failure scope of pillars gradually narrowed from bottom to up. A small-scale plastic region is formed at the corner of pillar-cap rock interface when the internal frictional angle is increased to 70°. 
Plastic region (
The relation curves between displacement at the measuring points at the pillar top and the internal friction angle were drawn according to the numerical simulation results of pillar displacement distribution, in order to further analyze the influences of internal friction angle on pillar stability (Fig. 5) . These relation curves are approximately a power functional distribution. Displacement at the pillar top is gradually decreased with the increase in internal friction angle. The displacement reduction is outstanding when the internal friction angle increases from 40° to 60°, but the reduction amplitude gradually declines after 60°. This finding indicates that the internal frictional angle affects deformation of sandstone pillars mostly in the range of 40°-60°. 
Effects of cohesion on pillar stability
Given that the cohesion of the St. Peter sandstone is small, influencing laws of cohesion on sandstone pillar stability were investigated by gradually increasing cohesion. Stress, plastic region, and displacement changes of sandstone pillars under different cohesion values (0.8, 1.2, 1.6, 2.0, and 2.4 MPa) were simulated by FLAC3D.
The respective distributions of plastic regions and stress on pillars when cohesion values are 0.8, 1.6, and 2.4 MPa are shown in Fig. 6 . The stress contours under different cohesion show that pillars are generally compressed under different cohesion, and evident stress concentration also occurs in the pillar-cap rock interface, which is similar to that caused by changes of internal friction angle. Hence, the stress concentration degree is increased as the cohesion continuously increases. However, the stress concentration degree caused by the increase in cohesion is considerably higher than that caused by the increase in internal friction angle.
The distribution of plastic regions under different cohesion values is shown in Fig. 6 . As can be seen, all pillars develop evident plastic failures under different cohesion values, which are dominated by compression-shear failures. However, the plastic failure range of sandstone pillars is considerably smaller than that caused by internal friction angle. The upper part of pillars develops plastic failure when the cohesion is 0.8 MPa. The plastic failure range of pillar is narrowed from the bottom to top as cohesion gradually increases. When the cohesion is increased to 2.4 MPa, only a small-scaled plastic region is formed at the corner of the pillar-cap rock interface.
The relation curves between displacement at measuring points at the pillar top and cohesion were drawn according to numerical simulation results of the pillar displacement distribution, in order to analyze the influences of cohesion on pillar stability (Fig. 7) . These curves are approximately a power -functional distribution. The displacement at the pillar top is negatively correlated with cohesion. Such a displacement is remarkably decreased when cohesion increases from 0 to 1.4 MPa, but the reduction amplitude declines after 1.4 MPa. This finding indicates that cohesion influences the deformation of sandstone pillar mostly when it increases from 0.
Pillar scaling control
Control measures
Based on the preceding analyses, the distribution range of the plastic region and that of pillars both considerably decrease with the increase in internal friction angle and cohesion, thus improving pillar stability. Therefore, the stability of St. Peter sandstone pillars can be increased by aggregating the cohesion and internal frictional angle.
Although aggregating the internal friction angle and cohesion can realize the goal of increasing pillar stability, the internal friction angle of St. Peter sandstone is high and aggregating the internal friction angle cannot considerably improve pillar stability. Nevertheless, the cohesion of the St. Peter sandstone is low (almost 0). Increasing cohesion alone can remarkably improve pillar stability. Finally, the cohesion of the surface sandstone of pillars can be increased by shotcrete, thus enabling the increase in pillar stability. 
Control program
According to the proposed control measures of sandstone stability, the shotcrete parameters are defined as follows:
(1) Given that St. Peter sandstone has high internal friction angle and low cohesion, a concrete layer was sprayed to the failure region of pillars as a form of support. The concrete strength was 20 MPa, and the concrete thickness was 10 mm. The shotcrete was accomplished twice, and the concrete mixing ratio was cement: sand: gravel: accelerator = 1:2:2:0.03 (weight ratio).
(2) Spraying shotcrete shall be performed from top to bottom and from the pillar scaling region to other regions. At concrete spraying, the nozzle is perpendicular to the sprayed surface, and the distance is controlled within 0.6-1.2 m. The concrete surface shall be kept smooth and bright with no dry spots and slippage after spraying.
Numerical simulation of the spraying effect
A FLAC3D numerical simulation analysis of the distributions of plastic regions and the displacement on sprayed sandstone pillars was conducted based on the proposed spraying program. The results are shown in Fig. 8 . The plastic region is clearly remarkably narrowed after spraying shotcrete, accompanied by evident plastic failures of surrounding rocks at pillar corners. However, no evident large-scaled plastic region is formed in other regions. Simultaneously, the maximum displacement of pillars decreases from 211 mm before spraying to 92 mm. Therefore, spraying shotcrete on the surface of sandstone pillars is a reasonable and feasible scheme to increase pillar stability. 
Field test
A field industrial experiment of sandstone stability control scheme based on shotcrete in Pattison Mine was conducted. The local pillar spalling was effectively controlled after grouting reinforcement, thereby meeting the requirements on safety production of mines. The spraying effect of sandstone pillars in Pattison Mine is shown in Fig. 9 . 
Conclusions
In this study, cohesion and internal frictional angle are determined the key geotechnical parameters of pillar stability based on theoretical analysis, in order to discuss the influences of the mechanical parameters of rock mass and disclose the internal mechanism of pillar spalling. Next, the stress and deformation distributions of the surrounding rocks on pillars under different cohesion and internal friction angles are analyzed by finite difference analysis. The pillar stability control program by increasing cohesion through shotcrete is formulated. Some conclusions could be drawn, as indicated below.
(1) Stress concentration region is developed and the overburden is increased when the sandstone pillars bear mining-induced stress. Moreover, rock mass on pillars is changed from three-directional into two-directional stress state during room and pillar mining, thereby decreasing the pillar strength and causing shear failures in most regions. An "X-shaped" plastic region is formed on the pillar body.
(2) The cohesion and internal friction angle of sandstone are key factors that influence pillar strength. The horizontal displacement of pillars presents the power functional relations with cohesion and the internal friction angle of rock mass. The plastic failure region of pillars continuously narrows with the independent or simultaneous increase in cohesion and internal friction angle.
(3) The plastic deformation of pillars decreases when the internal friction angle of sandstone increases from 0° to 60°. However, the deformation control of pillars achieves poor performances after 60°. The plastic deformation of pillars is negatively correlated with cohesion before 1.4 MPa. However, the pillar deformation remains the same with the increase in cohesion after 1.4 MPa. Thus, cohesion affects deformation of sandstone pillars mostly when it gradually increases from 0.
(4) Owing to the high internal friction angle and low cohesion of sandstone, pillar spalling can be effectively controlled by increasing cohesion and confining pressure through shotcrete and increasing pillar strength through improvement of the three-directional stress state of rock mass.
The proposed pillar stability control method by changing the mechanical parameters of rock mass is characterized by the following advantages: simple operation, low cost, and good control over pillar failure. This method lays a foundation to solve other rock strata control problems during room and pillar mining. However, this study did not conduct a quantitative analysis of the influences of spraying support assisted by anchor rod and metal mesh on the mechanical performance of pillars. Further associated studies are thus needed.
